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Abstract. The physico-chemical ﬁelds of the pelagic en-
vironment are constantly ﬂuctuating at different spatial and
temporal scales. Storms are extreme events of such ﬂuc-
tuations that cascade down to small scales to alter nutrient
availability to microscopic algae or swimming and mating
behaviour of motile plankton. Mediterranean storms some-
times are also responsible for the transport of micro and
macronutrients from Saharan origin, albeit the signiﬁcance
for marine production is still under question. In coastal
ecosystems, storms represent dissolved nutrient injections
via run-off and resuspension that trigger planktonic succes-
sion events. Storms may also have a role in the develop-
ment and mitigation of harmful algal blooms, events with
economic and health consequences that are of growing so-
cietal concern. Based on laboratory experiments on the ef-
fects of turbulence on swimming behaviour and population
growth of dinoﬂagellates, a conceptual sequence of events is
proposed for bloom initiation.
Overall, storms affect, directly or indirectly, the dynamics
of plankton and hence ecosystem production and cannot be
considered catastrophic or hazardous in this context. The full
potential of such relationships will be evidenced once biolog-
ical time series match the resolution and spatial coverage of
meteorological and oceanic data. As the frequency and in-
tensity of storms is subject to global change, future oceanic
ecosystem production should be affected as well.
1 Introduction
This contribution may be seen as rather unusual within the
regular framework of a Plinius conference for several rea-
sons. First, it relates storms to microscopic sea-life that
mostly have no immediate impact on humans and thus de-
viates from all the subjects addressing the issue from the
anthropogenic hazard point of view. Second, it consid-
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ers storms not as extraordinary events to be avoided but as
skewed manifestations of wind and wave variability that con-
form a natural environmental background important for the
understanding and prediction of ecosystem dynamics.
Plankton is the community of organisms, mostly micro-
scopic, ﬂoating adrift in the water column. Albeit many
planktonic organisms are motile and capable of vertical mi-
gration they may not overcome water currents. Thus, plank-
ton live, grow and reproduce in physico-chemical ﬁelds that
are constantly ﬂuctuating at different spatial and temporal
scales. Storms are extreme events of such ﬂuctuations that
cascade down to small scales to alter nutrient availability to
microscopic algae, or light conditions or swimming and mat-
ing behaviour of motile plankton.
This paper will focus mainly on phytoplankton, that is,
those planktonic organisms that, like terrestrial plants, use
sunlight to convert CO2 into organic carbon building blocks.
Thetotaloceaniccarbonproductionisaboutequaltothetotal
terrestrial carbon production (Field et al., 1998), which gives
an idea of the tremendous importance of marine production
in global biogeochemical cycling. But plankton, as terrestrial
plants, also need other components to grow such as hydro-
gen, oxygen, phosphorus, nitrogen, sulphur, iron, manganese
and the list could go on to the better part of the periodic ta-
ble. Some of these elements are called nutrients in general
terms and some are more readily available than others, some
are needed in higher quantity than others and some such as
silicon are needed for particular organisms and not others. In
any case, algae and other microorganisms tend to exhaust the
supply of nutrients in the upper ocean where light for photo-
synthesis is available. Since part of the production sinks out
of the euphotic zone, losing the nutrients that could other-
wise be recycled, growth is then limited by the rate of supply
of the limiting elements. Internal waves, mesoscale eddies,
Langmuir circulation cells, convection, wind-driven turbu-
lence and other processes may increase mixing and enhance
diffusivity of nutrients from bottom rich waters or directly
entrain deep water. Storms increase the vertical diffusivity,
resupplyig nutrients to the upper lit waters.
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Another source of nutrients is atmospheric input of dust
particles that may have been transported from long distances.
South of the Mediterranean we ﬁnd the Sahara desert, a glob-
ally important source of atmospheric dust (P´ erez et al., 2007)
that can be experienced in many European locations as red
rains. When this dust is deposited over the Mediterranean
waters, it may contribute nitrogen, phosphorus, iron, sili-
cate, etc. all important to marine life. Aeolian deposition
seems to be important for biogeochemical cycles in geologi-
cal time frames (Falkowski et al., 1998). In ecological times,
signals are harder to discern from background conditions or
confounding factors (Cassar et al., 2007; Volpe et al., 2009;
Boyd et al., 2010; Guieu et al., 2010). Experiments have
shown the fertilizing potential in the Mediterranean (Herut et
al., 2005, Pulido-Villena et al., 2010) and system level effects
probably depend on the importance of the dust event and the
state of the planktonic community.
There are also feedbacks from phytoplankton to weather.
Some small phytoplankton known as coccolithoforids will
grow massively in warming shallow mixed layers taking ad-
vantage of their small size to more effectively scavenge nu-
trients found in low concentrations. These organisms release
sulphur compounds that once in the atmosphere can act as
cloud condensation nuclei. Clouds will in turn reduce the ra-
diative forcing and rains and storms release the accumulated
energy (Charlson et al., 1987).
Coastal areas are more complex than open ocean waters in
terms of the dynamics of the forcing factors that drive plank-
ton. In general terms it seems that an important portion of
the variability of open ocean waters can be explained based
on the annual dynamics. That is, winter mixing of deep wa-
ters brings nutrients to the surface and this sets the initiation
of a chlorophyll production peak that largely dominates the
annual chlorophyll signal (Longhurst 1998). Although vari-
ability exists in the timing and amplitude of this chlorophyll
peak and higher frequency events such as storms may alter
this pattern (Katara et al., 2008), seasonal signals remain
large. In coastal areas a suite of additional forcing factors
may episodically introduce nutrients to the system and alter
growth and consequently system predictability is decreased.
In fact, Cloern and Jassby (2008) have found no universal
pattern to predict chlorophyll in coastal areas after analyz-
ing 114 coastal time series. Guadayol et al. (2009a) showed
that discharge of the Tordera River, which occurs only after
heavy rain, and wave episodes could set off a succession of
eventsinBlanesBay. Increasednutrientlevelswerefollowed
by phytoplankton growth and later by other plankton compo-
nents that were taking advantage of the newly produced or-
ganicmatter. Thus, inthiscasestormsarecrucialinmodulat-
ing planktonic system dynamics beyond the annual radiative
forcing cycle. Unfortunately, storm effects in coastal plank-
tonic areas will not be consistent across sites and depend on
local conditions, including anthropogenic foot-printing that
will modulate the effect of storms.
There are some algal species that will grow unchecked
to a very high biomass (bloom), completely dominating the
aquatic community, and even changing the optical properties
of water that may appear of different colours depending on
the pigments of the species producing such growth. Health
concerns arise as some of the species producing this massive
growth also produce toxins that may affect directly humans
and marine wildlife or humans through the intake of contam-
inated seafood (Hallegraeff, 2003). Of course, the economic
side of the issue is also important as coastal ﬁsheries may
have to close temporarily or tourism may be affected. Thus,
there is a general interest in trying to understand and predict
such outbreaks. Again, causes or triggers do not seem uni-
versal and factors include nutrient levels, water mass move-
ment, seeding areas, temperature, predator-prey interactions,
and other. Dinoﬂagellates are the algal group that contribute
most harmful bloom species. They are phylogenetically and
physiologically diverse and their growth has been classically
related to relatively calm conditions (Margalef 1978, Berman
and Shteiman 1998). Albeit the group seems to show a sen-
sitivity or tolerance range with respect to ﬂuctuations in the
ﬂow, a general trend of a negative effect of turbulence on the
growth of these organisms has been summarized in Peters
and Marras´ e (2000). Small-scale turbulence in upper mixed
layers of the ocean is largely wind driven. Storms are able
to account for very high turbulence intensities going up to
10−5 Wkg−1 and higher. Some laboratory studies showed
that cell division was arrested under turbulence conditions
(Pollingher and Zemel, 1981; Berdalet 1992) and it has been
suggested that microtubules, involved both in cell division
and in the ﬂagella that propel these organisms through wa-
ter, could be affected (Berdalet 1992, Berdalet et al., 2007).
Thus, the main objective of this study was to analyze swim-
ming patterns of dinoﬂagellates subjected to turbulence.
2 Material and methods
Dinoﬂagellate stock cultures were grown in 250 ml Erlen-
meyer ﬂasks. Four species of autotrophic dinoﬂagellates
(Alexandrium minutum, Prorocentrum triestinum, P. micans
and Akashiwo sanguinea) were grown in f/2 medium with-
out silicate, at 19 ◦C and a 14:10 light:dark cycle, using a
mixture of cool white and gro-lux ﬂuorescent light. Het-
erotrophic Oxyrrhis marina was fed Rhodomonas sp. also
grown in f/2 medium without silicate and in the same con-
ditions as autotrophs. Cultures were sampled to monitor cell
growth. Once in late exponential phase, experiments were
started using the cultures to inoculate fresh medium or food
particles.
For the experiments, 4-L spherical Florence ﬂasks were
used with 3L of culture medium under the same conditions
as the stock cultures. Turbulence was generated with an or-
bital shaker at ca. 2.7×10−3 Wkg−1, estimated using the
equations in Guadayol et al. (2009b). Life aliquots were
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Fig. 1. Swimming velocity of four species of dinoﬂagellates over
time in containers subjected to turbulence (red) or left still (blue).
takenovertime, placedinaPalmercountingchamberandthe
movement of the microorganisms immediately videotaped
using a CCD camera connected to a stereomicroscope. Sam-
ples were also ﬁxed with Lugol’s solution for cell counts.
Random video clips were digitised and trajectories (over
1300) analysed using NIH Image (US National Institutes of
Health, http://rsb.info.nih.gov nih-image). Swimming ve-
locities were computed from cell positions in consecutive
frames and the frame rate.
3 Results
A general trend of reduced swimming speed under tur-
bulence became apparent for autotrophic dinoﬂagellates
(Fig. 1). Reduction in velocity lasted for a couple of days
until the lower swimming velocity stabilised. This reduc-
tion was of 57 to 72% with respect to the velocity in still
water. Re-exposure to calm conditions brought swimming
speeds back to normal and population growth was enhanced.
Changes in swimming speed were accompanied by changes
in turning behaviour, resulting in lower net to gross displace-
ment ratios (data not shown). In the case of the heterotrophic
O. marina, the reduction in velocity was less apparent with
an overall reduction of ca. 11% (Fig. 2). Both turbulence and
still water containers showed a trend of increased swimming
velocity over time that was somewhat higher in the still water
containers.
Population growth was monitored in detail for O. marina
(Fig. 3). In the still water container the cells were growing at
a speciﬁc rate of 0.86 d−1. On the contrary, in the turbulent
container the growth rate was reduced to half (0.45 d−1). Af-
ter 5 d subjected to turbulence, one container was returned to
still conditions and the dinoﬂagellates started to grow over-
shooting by far (up to 1.70 d−1) the growth rate in the all
along still water container.
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Fig. 2. Swimming velocity of Oxyrrhis marina over time in con-
tainers subjected to turbulence (red) or left still (blue).
Fig. 3. Increase in cell concentration over time of the dinoﬂagellate
Oxyrrhismarinaincontainerssubjectedtoturbulence(red), leftstill
(blue) and started turbulent and switched to still at day 5 (pink).
4 Discussion
The swimming velocities and population growth of the di-
noﬂagellates studied are affected by turbulence and are in ac-
cordance with a generalized view of turbulence affecting the
growth of dinoﬂagellates (Peters and Marras´ e 2000; Berdalet
et al., 2007). In Karp-Boss et al. (2000), the swimming ve-
locity of single cells also decreased upon exposure to shear
while chains of Alexandrium catenella increased in swim-
ming speed in the direction perpendicular to the ﬂow. The
swimming velocity of O. marina was less affected than the
autotrophic species and may indicate a variability in the re-
sponses of dinoﬂagellates as a group as has been suggested
by different authors (Peters and Marras´ e, 2000; Smayda and
Reynolds, 2001; Sullivan and Swift, 2003; Berdalet et al.,
2007). Bartumeus et al. (2003) found a change in the swim-
ming behaviour of O. marina when exposed to decreased
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food particle concentrations. In our case, there seems to be
a tendency to increase swimming speed over time, maybe to
maintain encounter rates in a decreasing food particle ﬁeld.
It is worth noting that this trend is larger in still water, where
O. marina population growth is more conspicuous. Thus, in
the case of O. marina, turbulence is affecting the swimming,
particle encounter or ingestion mechanisms resulting in a
lower population growth. Alternatively, turbulence is affect-
ing some other physiological parameter that hinders growth
and the trends in swimming velocity are consequence of a
different resulting food particle ﬁeld.
Logistic constraints make it difﬁcult to achieve homo-
geneous low turbulence conditions in laboratory containers
(Guadayol et al., 2009b). As a consequence, the turbulence
level assessed in this study is high compared to average nat-
ural conditions and would only be found in a heavy storm,
close to shore. Thus, the results have to be taken with a cer-
tain caution. However, changes in population growth of di-
noﬂagellates under mixing conditions have been reported ex-
tensively (White 1976, Pollingher and Zemel 1981, Thomas
and Gibson 1990, Berdalet et al. 2007), even for expo-
sures as small as 15 min d−1 (Gibson and Thomas 1995),
although a certain taxon speciﬁc response is present (Smayda
and Reynolds 2001, Sullivan and Swift 2003).
At least in some cases, it seems that under turbulence
cell cycle division is arrested (Pollingher and Zemel 1981;
Berdalet 1992; Berdalet et al., 2007). Even when cell growth
is inhibited, the uptake of macronutrients has been shown
to increase (Garc´ ıa Camacho et al., 2007) which is in ac-
cordance with a hydrodynamic increase in nutrient ﬂux to-
wards the cell surface under turbulence (Karp-Boss et al.,
1996). Whether all these changes in swimming patterns and
cell division are somehow connected through microtubules
or otherwise and whether these effects are independent of in-
creased nutrient uptake is not known.
Based on these results I propose a mechanism for bloom
initiation (Fig. 4). Many dinoﬂagellates are active swimmers
that migrate daily in the water column. Migration patterns
are linked to both light gradients and nutrient supply but also
to life cycle processes, including vegetative cell division and
encystment. If nutrients are in short supply, dinoﬂagellates
will grow slowly and their biomass will probably be con-
trolled by predators. Strong mixing may increase the concen-
tration of nutrients, and cells will probably actively take them
up. If turbulence also interferes with the ability of dinoﬂagel-
lates to swim and to divide, dinoﬂagellates will not be able to
grow much. Once mixing conditions subside, organisms are
free from growing interferences and would be able to readily
use the increased nutrient ﬁeld or the internally stored nutri-
ents, swim and reproduce fast. This hypothetical sequence of
events depends on certain environmental conditions includ-
ing a system with rather depleted nutrients, a strong mixing
event that raises the ambient nutrient concentration and lasts
at least for a couple of days and a subsequent calm water pe-
riod. Strong mixing and restratiﬁcation has been observed
Fig. 4. Proposed conceptual mechanism to help explain the onset
of some dinoﬂagellate blooms. Left panel: dinoﬂagellates are in
low abundance limited by low concentration of nutrients. Central
panel: a storm resuspends sediments in a coastal area increasing the
level of nutrients in the water column. Dinoﬂagellates may be able
to take these nutrients up but the division process and swimming
ability is impaired. Right panel: once storm conditions subside,
dinoﬂagellates are no longer division impaired and may produce a
cell outburst.
before the outbreak of some blooms (Berman and Shteiman
1998). Also, incoastalupwellingsystems, aninjectionofnu-
trients onto the shelf, accompanied by mixing, and a later up-
welling relaxation has been proposed as a mechanism to ini-
tiate dinoﬂagellate growth in Spanish r´ ıas (Fraga et al., 1988)
albeit mainly by organism transport mechanisms (Figueiras
et al., 2006). Nutrient concentration and water column sta-
bility have been used in a deterministic forecasting model of
blooms in Hong Kong (Wong et al., 2007) with some suc-
cess. It seems that the mechanisms and factors that trigger
dinoﬂagellate outbreaks are varied and complex. The nov-
elty of the present working hypothesis is to add to the suite of
mechanisms and to link the larger scale processes to the mi-
croscale effects of a strong storm event on growth and swim-
ming.
5 Conclusions
It was the purpose of this paper to skim through several inter-
actions of storms with plankton dynamics and to propose a
conceptual mechanism to help explain some massive prolif-
erations of algal growth in coastal waters. Storms mix water
masses or resuspend sediments in shallow coastal areas that
increase the level of nutrients necessary for planktonic life, in
a sense as part of the dynamic range of wind-related forcing.
In fact, deleterious consequences of storms from an anthro-
pogenic point of view, such as ﬂash ﬂoods, beach erosion,
dust storms, even benthic marine life destruction, all enhance
the basis of marine microscopic life, with important impli-
cations in biogeochemical cycles. The study of storms and
their consequences is thus crucial to understand marine life
dynamics. Even in cases when ﬂow ﬂuctuations may interact
negatively with plankton such as with the dinoﬂagellates that
may produce harmful algal blooms, storms may have a role
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in determining the onset, duration or demise of such events
that have large human health and economic implications.
Wearejustatthebeginningofourunderstandingofstorms
in shaping the dynamics of plankton, and there remain many
questions unanswered. Some of such questions relate to the
levels of turbulence experienced in laboratory setups, the ef-
fect of the exposure time of turbulence on plankton and the
relationship with disturbance frequency. Progress in the ﬁeld
is relatively slow as progress in meteorology used to be be-
fore synoptic satellite weather pictures and a dense net of
automatic meteorological stations feeding data at high fre-
quency. Marine ecologists are eagerly wishing to match such
physical, meteorological and even oceanographic data with
biological proxies that would tremendously increase our un-
derstanding of marine plankton dynamics and our ability to
forecast future scenarios as the frequency and intensity of
storms is subject to global change.
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